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Rhodopsinomeobox) gene family play vital roles during eye development. In Xenopus, as in
most other vertebrates, two Rx-type genes have been described. While Rx1 deﬁciency led to loss of optic
vesicles and impaired the proper development of ventral forebrain structures, a recently isolated second Rx-
gene, Rx-L, seems to function in late retinogenesis. Here, we report that the speciﬁc suppression of Xenopus
Rx-L function impaired the formation of the photoreceptor layer and reduced the expression of photoreceptor
speciﬁc genes. Overexpression of Xenopus Rx-L induced ectopic expression of photoreceptor speciﬁc genes,
but did only marginally promote the proliferation of retinal progenitor cells. Targeted overexpression of Rx-L
in developing retinoblasts in vivo led to an increased fraction of photoreceptor cells at the expense of
amacrine and bipolar cells and revealed that Rx-L acts as a transcription activator. A phylogenic analysis of all
reported Rx-type genes revealed that they could be grouped into three categories, including an “invertebrate
Rx” group, a “classical vertebrate Rx” group, and a “vertebrate Qrx/Rx-L” group. Taken together, Rx-L, unlike
Rx1, is required for the determination of retinal cell types, especially photoreceptors, rather than for
proliferation of retinal progenitors.
© 2008 Elsevier Inc. All rights reserved.Introduction
The vertebrate eye develops from a single eye ﬁeld derived from
the anterior neural plate. Within this ﬁeld, several homeobox-
containing transcription factors, such as Pax6, Six3/6 and Rx1, are
essential for early patterning events. In concert, these genes specify
retinal progenitor cells and promote their proliferation, leading to the
ﬁrst morphological sign of eye development, the formation of optic
vesicles on both sides of the embryo (Chow and Lang, 2001). Each
optic vesicle extends toward the overlying, non-neural surface
ectoderm and induces the thickening of the lens placode, which
reciprocally induces the invagination of the distal region of optic
vesicle, leading to the formation of the bilayered optical cup.
Ultimately, the outer layer gives rise to non-neural retinal pigmented
epithelium (RPE), while the inner layer develops into neural retina
(NR), where neuronal and glial cells are born (Jean et al., 1998).
The vertebrate retina acts as a transducer, converting absorbed
photons into neural signals by an exquisite cooperation of basically six
types of neuronal cells and one type of glial cells. These seven types of
retinal cells assemble the clear lamination of retina, with cone and rod
photoreceptors located in the outer nuclear layer (ONL), bipolar,
horizontal and amacrine interneurons within the inner nuclear layer
(INL), and ganglion cells in the ganglion cell layer (GCL), whereas
Müller glia cross all layers, with the cell body localized in the INL. Allle.de (T. Hollemann).
l rights reserved.seven retinal cell types are generated from a common multipotent
progenitor pool and seem to emerge in a temporal order conserved in
many vertebrate species, with ganglion cells born ﬁrst and Müller glia
last (Cepko,1996; Harris,1997; Young,1985). Awidely acceptedmodel
suggests that retinal cell fate determination is inﬂuenced by cellular
interactions (Adler and Hatlee, 1989) and extrinsic factors. In addition,
progenitors pass through a series of intrinsically determined compe-
tence states, in which a given progenitor is only able to give rise to a
limited subset of retinal cell types (Cepko et al., 1996).
Photoreceptor cells are comprised of cone and rod photoreceptors.
Rod photoreceptor cells are adapted to operate in dim light, while
cones are adapted to operate at brighter light intensities. Rods
represent the last-generated retinal neurons as bipolar cells, while
cones are generated earlier than rods. The current model states that
retinal cell types are speciﬁed through a combinatorial code of bHLH
and homeodomain transcription factors (reviewed in Hatakeyama and
Kageyama, 2004; Kageyama et al., 2007; Livesey and Cepko, 2001) As
far as photoreceptors are concerned, it was shown for instance that
overexpression of the bHLH gene, NeuroD, induces selective over-
production of photoreceptor cells in chicken, mouse and Xenopus
(Inoue et al., 2002; Wang and Harris, 2005; Yan and Wang, 1998). Crx,
an otx-like homeobox gene is required for the maturation of
photoreceptor cells in rodent (Furukawa et al., 1997b; Livesey et al.,
2000). It can bind to the Rhodopsin promoter and transactivate its
expression, alongwith a number of other photoreceptor speciﬁc genes
(Chen et al., 1997). However, in zebraﬁsh, Crx plays an earlier role
since it promotes mitotic cells to choice photoreceptor fate (Liu et al.,
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both bipolar and photoreceptor cells and selectively bias photorecep-
tor development, whereas its homologous geneOtx2 promotes bipolar
fate by suppressing Otx5b's function (Viczian et al., 2003). A retinal
homeobox gene, RaxL, was identiﬁed in chicken and seems to play a
role in the initiation of photoreceptor differentiation (Chen and Cepko,
2002). It has been shown that amacrine cells, horizontal cells, and rods
are progeny of one subpopulation of progenitors expressing VC1.1
epitope, whereas the progenitors, which do not express VC1.1, give rise
to cones (Alexiades and Cepko,1996; Belliveau and Cepko,1999). Nrl, a
bZIP transcription factor, is required for rod photoreceptor differentia-
tion. Nrl-null retinas show a transformation of rods into cone-like cells
(Mears et al., 2001). Nr2e3, a rod photoreceptor speciﬁc nuclear
receptor, has been found to repress transcription of cone-speciﬁc
genes (Chen et al., 2005). Nevertheless, genes involved in subtype
speciﬁcation of photoreceptors are only rarely revealed.
Rx encodes a subfamily of the paired-like homeobox genes.
Members of the Rx family have been described to play a pivotal role
during eye development of several vertebrate species. In Xenopus, Rx1
is initially expressed within the anterior neural plate, and thereafter
most abundantly in the optical vesicle during neurulation. At early
tadpole stage, it is expressed throughout the neural retina, while 1 day
later Rx1 is most strongly expressed in the retinal ciliary marginal
zone (CMZ). This expression pattern is remarkably conserved among
vertebrates (Mathers et al., 1997). Inactivation of Rx1 in mouse and
Xenopus both led to loss of optic vesicle and impaired the proper
development of ventral forebrain structures. Misexpression of Rx1 in
Xenopus embryos led to an extension of RPE along the optic nerve
region and to the formation of properly laminated extra retinal tissue
within the eye due to hyperproliferation of retinal precursor cells. This
is consistent with observations that Rx1misexpression in Xenopus can
expand endogenous Pax6, Six3, and Otx2 expression at tailbud stage
(Andreazzoli et al., 1999; Casarosa et al., 2003; Mathers et al., 1997).
These results suggest that Rx1 plays an important role during early eye
development by regulating the initial speciﬁcation of retinal cells and
perhaps their later subsequent proliferation.
Various paralogs of Rx gene have been identiﬁed from all the
vertebrates examined except rodents and caveﬁsh. In Xenopus, two Rx
genes with identical expression pattern (Rx1a and Rx2a) and one Rx-L
gene have been isolated (Mathers et al., 1997; Pan et al., 2006).
Interestingly, zebraﬁsh Rx3 (Rojas-Munoz et al., 2005) and medaka
ﬁsh Rx3 (Deschet et al., 1999; Loosli et al., 2001) showed higher
similarity in their expression patterns and functions to those of Xe-
nopus Rx and mouse Rax than to their paralogous zRx1 and zRx2. Two
Rx genes have been identiﬁed in chicken. At neurula stage, cRax is
expressed in the prospective retina and in the ventral forebrain, which
is similar to Rx/rax1 expression in mice (Chen and Cepko, 2002;
Ohuchi et al., 1999). Very recently, a second Rx gene, Qrx, was isolated
from humans, which is expressed in the outer and inner nuclear layers
of the retina and was demonstrated to modulate photoreceptor genes
expression (Wang et al., 2004).
We and others (Pan et al., 2006) identiﬁed a second retinal
homeobox-containing gene in Xenopus, Rx-L. Our loss-of-function and
gain-of-function experiments revealed that unlike its paralogous gene
Rx1, Rx-L promotes the proliferation of retinal progenitor cells only
marginally, but ismainly involved inphotoreceptor cell determination.
Materials and methods
DNA construct generation
Xenopus Rx-Lwas identiﬁed by BLAST search of the Xenopus ESTs at
http://Xenopus.nibb.ac.jp and the contig (XL073a16), a full-length
cDNA clone of Rx-L harbored in pBlueScript SK(−) (Rx-L/pBlueScript)
was obtained from National Institute of Basic Biology, Japan. The
predicted Rx-L ORF was ampliﬁed from this contig by using theforward primer containing an EcoRI site, Rx-L-EcoRI-f, 5′-GCGGAATTC
AATGTTTCTAGACAAATGTGAAGG-3′ and reverse primer containing
XhoI site, Rx-L-XhoI-f, 5′-CCGCTCGAGTCAGATTGGCTGCCATG-
TTTTATCTATCG-3′, (the restriction enzyme recognized sites are
underlined). The ampliﬁed product was cloned into pCS2+ vector
and the obtained construct was referred to as Rx-L/pCS2+. To generate
Rx-L-ΔOAR/pCS2+, a fragment N-terminal to the OAR domain was
ampliﬁed with primers 5′-GCGGAATTCAATGTTTCTAGACAAATG-
TGAAGG-3′ and 5′-TTTATCTATTTCCTCTAAGGGAAATTTGTCCGCAA-3′,
further ampliﬁed by nested PCR with Rx-L-EcoRI-f and 5′-
CCGCTCGAGTCAGATTGGCTGCCATGTTTTATCTATTTCCTC-3′, and this
PCR product was ligated into pCS2+ vector. To generate Rx-L-EngR/
pCS2+, Rx-L ORF was ﬁrst ampliﬁed with primers Rx-L-EcoRI-f and Rx-
L-fusion-XhoI-r, 5′-CCGCTCGAGGATTGGCTGCCATG-TTTTATCTATCG-
3′, and then subcloned into pCS2+ vector to obtain Rx-L-fusion/
pCS2+. The EngR fragment was obtained by digestion of EngR/
pCS2_Myc_NLS (Hollemann et al., 1998) with XhoI and SnaBI and
inserted into Rx-L-fusion/pCS2+ to ﬁnally generate the desired
construct. The activator domain of VP16 was ampliﬁed with forward
primer 5′-CCGCTCGAGGCCCCCCCGACCGATGT-3′ and reverse primer
5′-GCTCTAGATCACCCACCGTACTCGTCAA-3′ using hSRF-VP16/pCS2+
(Hines et al., 1999) as the template. XhoI/XbaI digested fragment
was cloned into pCS2+ vector. The resulting plasmid was further
digested with EcoRI and XhoI and ligated with EcoRI/XhoI digested
PCR fragment of Rx-L ORF (without stop codon) to generate Rx-L-
VP16/pCS2+. To generate Rx-L-GR/pCS2+, the XbaI recognized site in
Rx-L ORF was muted by ampliﬁcation with primers 5′-GCGGAATT-
CAATGTTTCTTGACAAATGTGAAGGAG-3′ and Rx-L-fusion-XhoI-r, with-
out changing the encoded amino acid. The PCR product was digested
withEcoRI/XhoI and cloned intopCS2+vector. The resulting construct is
referred to as Rx-L(XbaI−)-fusion/pCS2+. The glucocorticoid receptor
ligand-binding domain (GR)was ampliﬁedwith the forward primer 5′-
CGGCTCGAGACCTCTGAAAATCCTGG-3′ and reverse primer 5′-
CGCTCTAGATCACTTTTGATGAAACAGAAGTTTTTTG-3′ using MyoDGR/
pSP64T (Hollenberg et al., 1993) as the template. The PCR product
was digested with XhoI and XbaI and inserted into Rx-L(XbaI−)-fusion/
pCS2+ plasmid. Mitf was cloned to pGEM-T vector (Promega) after
ampliﬁed with the described primers (Kumasaka et al., 2004) from
Xenopus NF_stage 35 cDNA, referred as toMitf/pGEM-T.
Animals and microinjection
Production and rearing of embryos was performed as described
previously (Hollemann et al., 1998). Embryos were staged according to
Nieuwkoop and Faber (Nieuwkoop and Faber, 1967). To generate mRNA
for microinjection, plasmids were linearized with NotI and transcribed
with SP6 (SP6 in vitro transcription kit, Ambion). 5 nl of the desired
concentration of mRNA containing 12 pg/nl of β-galmRNAwas injected
in one of the dorsoanimal blastomeres of embryos at the 4-cell stage.
Antisense morpholino oligonucleotides (Mo) speciﬁcally targeting the
5′-UTR of Rx-L (MoRx-L, 5′-TGTCTTCCTGAACTGCACTTAGCTG-3′) and
the standard control morpholino (Contr-Mo) were purchased from
Gene Tools LLC and resuspended in RNase-free water. 5 nl of 1.6 pmol
MoRx-L or Contr-Mo and 60 pg β-galmRNAwere co-injected into one of
the dorsoanimal blastomeres of embryos at the 4-cell stage. To induce
the misexpressed Rx-L function, dexamethasone (Dex, with a ﬁnal
concentration of 10 μM) (Sigma) was added to the growth medium of
embryos injected with Rx-L-GR mRNA at the indicated stages.
In vivo lipofection
Plasmid-DNA isolated by Qiagen Midi prep kit (Qiagen) was
diluted in TE buffer to bring the concentration of DNA higher than
1 μg/μl. 2 μg of each construct was mixed with 1.5 μg pCS2+ harboring
the eGFP (enhanced green ﬂuorescent protein) coding region. 10.5 μl
lipofection reagent, DOTAP (Roche) was added to this plasmids
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6 μl DOTAP was used as a control. Lipofection was performed at stage
17/18 (Holt et al., 1990; Ohnuma et al., 2002). At stage 41/42, embryos
were ﬁxed with 4% paraformaldehyde for 2 h at room temperature
and sunk in 30% sucrose for 4 h or overnight. After embedded with the
Tissue-Tek® O.C.T.™ Compound (Sakura Finetek), the embryos were
cryostat sectioned transversally with a thickness of 10–12 μl. The
sections were rehydrated by washing with PBS for 10 min and
mounted in FluorSave™ Reagent (Calbiochem & Oncogene).
Whole-mount in situ hybridization/RT-PCR
Dig-labelled antisense probes of Rx-L, Brn3.0, Vsx1, Prox1, and
Rhodopsin were made from plasmids Rx-L/pBlueScript (EcoR1/T7),
Brn3.0/pBlueScript (BamH1/T7), Vsx1/pGEM-T (Not1/T7), Prox1/
pCR2.1 (BamH1/T7), and Rhodopsin/pGEM-T (Not1/T7) respectively.
The digestion enzyme and polymerase used for each transcripts
preparation were indicated in the brackets following the plasmids.
Six3, Pax6, and Rx1 antisense probes were prepared as described
before (Cornesse et al., 2005). Whole-mount in situ hybridization was
carried out as previously described (Hollemann et al., 1999). Embryos
probed with antisense RNAs of Rhodopsin, Arrestin or Mitf were
vibratome sectioned (30 μm). RT-PCR primers used for ampliﬁcation
of Rx-L were 5 ′-TCGAGTTCAGGTTTGGTTCC-3 ′ and 5 ′-
GAGCACTGCTGAGA GGGTTGG-3′; for H4 were 5′-CGGGATAACATT-
CAGGGTATCACT-3′ and 5′-ATCCATGGCGGTAACTGTCTTCCT-3′.
Apoptosis/proliferation assay
Apoptotic cells were detected using the TUNEL assay (Hensey and
Gautier, 1998). The Dig-11-dUTP and TdT (Terminal Deoxynucleotidyl
Transferase, 20 U/μl) including the supplied buffer were purchased
from Roche and Fermentas respectively. Proliferating cells were
identiﬁed by detection of phosphorylated histone H3 (PH3) as
described (Saka and Smith, 2001). The rabbit polyclonal anti-
phospho-histone H3 (Upstate Biotechnology) was used with a
dilution of 1:200. Embryos were then subjected to plastic sections
(5 μm) and the TUNEL- or PH3-positive cells were counted on each
section.
Immunocytochemistry/histology
Cryostat sections (10 μm) were washed 3 times with PBS for 5 min
and then blocked with PBS containing 20 mg/ml BSA (Roth) and 0.5%
(v/v) Triton X-100 (Ferak) for 60 min at room temperature. The
sections were applied with the anti-calbindin monoclonal antibody
(Swan) diluted (1:50) in PBS containing 10 mg/ml BSA and 0.05%
Triton X-100, covered with coverslides and incubated overnight at
4 °C. Sections were intensively washed 5 times with PBS for 5 min and
the secondary antibody, Cy3-conjugated anti-mouse was applied with
a dilution of 1:500 in PBS and incubated in the dark at room
temperature for 2 h. The sections were washed with PBS containing
1:10,000 diluted DAPI for 10 min and thenwith PBS for 5 times (5 min
for each time). The sections were mounted with FluorSave™ Reagent
(Calbiochem & Oncogene) and the ﬂuorescence images were
documented with the microscope Nikon Eclipse E600 (Nikon)
installed with a camera Vosskühler CCD-1300QLN (Vosskühler). HE-
staining was performed on plastic sections (5 μm) according to the
protocol of the manufacturer (Heraeus Kulzer).
Results
Xenopus Rx-L, a member of the second group of vertebrate Rx genes
An in-silico screen of homeobox-containing genes at NCBI
identiﬁed a Xenopus Rx-like EST (Rx-L). The predicted full-length RX-L amino acid sequence is only 59% identical to RX1 but 68% to RAX2
from chicken. Thus, it can be clearly classiﬁed as an Rx-like gene. The
paired class homeobox of all Rx-type proteins is highly conserved
among all species with only up to ﬁve amino acid substitutions even
when distantly related organisms were compared, such as humans
and invertebrates like Ciona intestinalis (Fig. 1). Rx genes can contain
three additional conserved domains, an N-terminal octapeptide (OP),
an Rx-domain and a C-terminal paired tail or OAR domain. The OP
domain was reported to contribute to the transcriptional repressor
activity of other homeobox proteins, like GOOSECOID, EN1/2- and
MSH1/2 (Mailhos et al., 1998; Smith and Jaynes, 1996). Moreover, the
OAR domain (named after the initials of otp, aristaless, and rax) has
been reported to function as a transcriptional activator domain in
orthopedia (Simeone et al., 1994). Hence, Rx-L-type proteins, which
miss the octapeptide but possess the transactivating OAR domain, are
therefore predicted to act as transcriptional activators.
A careful alignment of only the homeobox domains in conjunction
with the corresponding OAR-domains of all reported full-length Rx-
type proteins (Fig. 1A and Supplementary Fig. 1) and the calculation of
a phylogenetic tree (Fig. 1B, Larkin et al., 2007) revealed that Rx-type
genes could be grouped into three main categories. Group 1: All
diploid vertebrates contain one Rx gene that is homologous to the ﬁrst
Rx gene identiﬁed in mouse, Rx1. Group 2: Secondly, an Rx-like gene
was identiﬁed in all vertebrates, except in rodents. Though partial
polyploidy in Xenopus laevis (Rx1a and Rx2a, belonging to group 1)
and Danio rerio (rx1 and rx2, belonging to group 2) might have
contributed to the duplication of a single ancestor. Group 3:
Invertebrates seem to possess only one Rx gene. Interestingly, group
2 divides into two subgroups. Higher vertebrates (mammals) possess
a second Rx-type protein, which is mainly characterized by a
glutamine (Q) instead of a glutamate (E) close to the start of the
homeobox. However, the second Rx-type proteins of lower vertebrates
(non-mammalian) do not contain this Q-ﬁngerprint. Here, a methio-
nine is present at the end of the homeobox, which is also foundwithin
the Rx-type homeobox of invertebrates at the same position. Similarly,
the octapeptide (if present) and the OAR domain are more similar to
lower vertebrates and invertebrates than to those of the Q-containing
subgroup 2a (Fig. 1A).
Temporal and spatial expression of Rx-L
A faint, nevertheless ﬁrst spatially restricted expression of Rx-L is
observed within the emerging eye vesicles at late neurula stage (stage
19; Supplementary Fig. 2), earlier than reported before (Pan et al.,
2006). This expression largely differs from that of Rx1, which is already
strongly expressed within the eye ﬁeld territory at early neurula stage
(NF stage 14), (Mathers et al., 1997). During further development, the
expression of Rx-L is restricted to the forming eyes and reached highest
levels at tadpole stage (NF stage 35). Like Rx1, Rx-L transcripts are
restricted to the outer nuclear layer (ONL) and the ciliary marginal
zone (CMZ) of the retina (Suppl. Figs. 2C–E'''), though transcripts of Rx1
are also found in ventral parts of the embryonic forebrain and pineal
gland, which do not express Rx-L. To conﬁrm the temporal onset of Rx-
L expression, semi-quantitative RT-PCR was performed and revealed a
ﬁrst but weak expression of Rx-L at NF stage 12.5 that peaked at
tadpole stage (Suppl. Fig. 2F). Taken together, Rx1 is strongly expressed
in early retinal progenitor cells, which do not express Rx-L. At later
stages Rx-L is co-expressed with Rx1 during the phase of retinal
speciﬁcation. These results indicate that Rx-L expression starts
immediately before retinal cell speciﬁcation and reaches highest levels
of expression when photoreceptor cell differentiation initiates.
Speciﬁc suppression of Xenopus Rx-L function reduces eye size
In order to investigate the function of Rx-L in eye development, we
microinjected embryos at the 4- or 8-cell stage into one of the
Fig. 1. Comparison of Rx-type proteins. (A) Amino acid sequences alignment of conserved domains of predicted RX proteins. Amino acid sequences were deduced from nucleotide sequences of the Rx/Rax cDNAs found in Genbank. The
accession numbers of these nucleotide sequences are as follows. Aedes aegypti: aa_rx, XM_001659914; Astyanax mexicanus: am_rx1, AF264703; Bos taurus: bt_qrx, NM_182653; Canis familiaris: cf_rx1, XM_849723; C. intestinalis: ci_rx,
NM_001032511; Drosophila melanogaster: dm_rx, NM_166413; Danio rerio: dr_rx1, AF001907; dr_rx2, AF001908; dr_rx3, NM_131227; Gallus gallus: gg_rax1, AF420600; gg_rax2, AF420601; Apis mellifera: hb_rx, XM_001119966; Homo
sapiens: hs_rax, NM_013435; hs_raxL, NM_032753; Nasonia vitripennis: jw_rx, XM_001603887; Monodelphis domestica: md_rx, XM_001365988; md_rxL, XM_001373844; Mus musculus: mm_rax, NM_013833; Nematostella vectensis: nv_rx,
XM_001634160; Ornithorhynchus anatinus: oa_rx, XM_001516307; Oryzias latipes: ol_rx2, OLA250405; ol_rx3, OLA298300; Pan troglodytes: pt_rax, XM_001142510; pt_raxL, NM_001081487; Macaca mulatta: rm_rax, XM_001087324;
rm_raxL, XM_001100945; Rattus norvegicus: rn_rax, NM_053678; Saccoglossus kowalevskii: sk_rx, AY313142; Strongylocentrotus purpuratus, sp_rx, XM_001177341; Tribolium castaneum tc_rx, XM_968375; Xenopus laevis, xl_rx1a,
NM_001088218, xl_rx2a, NM_001088220, xl_rxL, DQ360108. All amino acid residues identical to human Rax are represented by dashes. Gaps required for optimal alignment are represented by dots. Members belonging to the same group or
sub-group are highlighted in yellow (group 1), red (group 2a), green (group 2b), and light blue (group 3) respectively. The “⁎”, marks the position of the conserved glutamine (Q) ﬁngerprint of mammalian Rx-Lmembers, where glutamate (E) is
the substitute in the other Rx-type proteins. The “#”, labels a subgroup-wise conserved leucin/methionine (L/M) positioned at the end of the homeobox. Numbers ﬂanking the sequences of each domain indicate the position of the N-/C-
terminal amino acids in the corresponding RX-protein and the total number of amino acids is shown at the end of each line. A similar string of amino acids located in the octapeptide and the OAR-domain are highlighted. (B) Phylogenetic tree of
Rx-type proteins. Based on the comparison of only the conserved homeodomain and the OAR domain, a preliminary phylogenetic tree was build using the ClustalW2 interface at http://www.ebi.ac.uk/Tools/clustalw2/at standard settings. The
resulting alignment was exported Newick formatted and the phylogenetic tree shown in panel B was generated using iTol at http://itol.embl.de/index.shtml.
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Fig. 2. Impairment of photoreceptor formation upon Rx-L suppression. (A) The speciﬁcity of Rx-L speciﬁc antisense morpholino (MoRx-L) was examined by in vitro transcription and
translation system. MoRx-L did not affect the translation of Rx-L-ORF, but blocked the translation of Rx-L-5′UTR-ORF, in which the Rx-L-ORF is ﬂanked by 5′- and 3′-UTRs. The
standard control morpholino (Contr-Mo) did not affect the translation of either transcript. (B, C) Stage 44/45 embryos which were co-injected with 60 pg β-galmRNA and 2.5pmol of
MoRx-L (B) or Contr-Mo (C) in one of the dorsoanimal blastomeres at the 4-cell stage; injected sides to the right. (B', Bq) Transversal sections stained by hematoxylin-eosin of the eyes
of the non-injected (B') and injected side (Bq) of an embryo of the same age shown in panel B, at levels indicated by dashed lines. (C', Cq) Transversal sections of the eye on the non-
injected side (C') and injected eye (Cq) of an embryo shown in panel C, as indicated by dashed lines. Insets showmagniﬁed views of the photoreceptor region as shown in the dashed
boxes. Compared with the non-injected retina (B'), the outer segments of photoreceptors in the MoRx-L injected retina (Bq) were arrayed much more loosely (red arrow), while the
retina of embryos injected with Contr-Mo (Cq, green arrow) looked normal. Abbreviations: cmz, ciliary marginal zone; inl, inner nuclear layer; isl, inner synaptic layer; gcl, ganglion
cell layer; le, lens epithelium; lf, lens ﬁbers; onl, outer nuclear layer; os, outer segment; rpe, retinal pigment epithelium.
356 H.-Y. Wu et al. / Developmental Biology 327 (2009) 352–365dorsoanimal blastomeres with Xenopus Rx-L speciﬁc antisense mor-
pholino (MoRx-L) to suppress the translation of endogenous Rx-L. In a
coupled transcription and translation assay (TNT) MoRx-L specially
blocked the translation of a synthetic Rx-L-mRNA ﬂanked with 5′-
UTR, which mimics the endogenous Rx-LmRNA, but did not suppress
the translation of a construct containing just the complete open
reading frame (Fig. 2A). In addition, the injection of a standard control
morpholino (Contr-Mo) did not cause any malformations (Figs. 2C–
C''') and did not suppress the translation of two Rx-L constructs in TNT
(Fig. 2A). Upon injection with MoRx-L, we observed the formation of
smaller eyes and a severe aberration of photoreceptor outer segment
formation in advanced tadpoles, which did not inﬂuence the
stratiﬁcation of the retina (64.8%, n=68/105) (Figs. 2B–Bq and Fig.
3B). This is clearly different from Rx1/rx3 deﬁciency, which was
reported to block the evagination of optic vesicle in Xenopus, zebraﬁsh
andmice and let to eyeless phenotypes (Andreazzoli et al., 1999; Loosli
et al., 2003; Mathers et al., 1997).Fig. 3. Rx-L function is needed after eye ﬁeld induction. (A, B)WMISH analysis of staged embry
Frontal views, injected side to the right. At NF stage 15/16, the expressions of Pax6 (Aa), Rx1 (A
At tailbud stage (NF stage 24), the expressions of Pax6 (Ad), Rx1 (Ae) and Six3 (Af) are all reduc
probed with the markers of different retinal cell types, with dorsal side upward. The staining
corresponding control side of the same embryo (Ba–f) respectively. The red dashes in Ba' m
expression of the photoreceptor markers, Rhodopsin (Ba, Ba') and Arrestin-C (Bb, Bb'), and a b
cell marker, Pax6 (Be, Be'). The expression levels Prox1 (Bc, Bc') and Brn3.0 (Bf, Bf') remain alm
and cell proliferation. (Ca, b, d, e) Transversal sections (dorsal sides up and injected sides to th
to TUNEL assay (Ca, b) or immunostaining of phosphorylated histone H3 (p-Histone 3) (Cd, e
showing the numbers of TUNEL positive cells (Cc) or p-Histone 3 positive cells (Cf) in total or
MoRx-L (orange bars). The average of TUNEL or p-Histone-3 positive cell numbers on per sect
for Contr-Mo, n=2 embryos; forMoRx-L, n=3 embyros. In the p-Histone 3 detection, for non-i
given as means±S.E.M. ⁎p=0.28, ⁎⁎, pb0.05, compared with the non-injected side (Studen
respectively.Furthermore, we looked at the expression of eye ﬁeld markers, like
Pax6, Rx1 and Six3, which are expressed in the anterior neural plate as
early as the eye anlagen are speciﬁed. The microinjection of the Rx-L
morpholino did not affect the expression of Pax6, Rx1 or Six3 at this
early stage of eye development (Figs. 3Aa–Ac; 84.3%, n=43/51 for
Pax6; 82.0%, n=50/61 for Rx1; 81.8%, n=27/33 for Six3), which was not
unexpected since signiﬁcant expression of Rx-L starts only at stage 19.
However, at early tailbud stage, when endogenous Rx-L is expressed,
suppression of Rx-L function impaired Pax6, Rx1 and Six3 expression
(Figs. 3Ad–Af; 64.3%, n=18/28 for Pax6; 60%, n=18/30 for Rx1; 67.4%,
n=31/46 for Six3).
The reduced expression territories of Pax6, Rx1 and Six3 upon
repression of Rx-L and the formation of smaller eyes, could be the
consequence of impaired eye vesicle formation as a result of less
proliferative cells and/or more apoptotic cells, comparable to Rx1
deﬁciency (Andreazzoli et al., 1999). To investigate this question, we
compared the number of phospho-histone H3 (PH3) positive cellsos injectedwithMoRx-L at 4-cell stage into one of the dorsoanimal blastomeres. (Aa–Af)
b) and Six3 (Ac) are not signiﬁcantly affected due to suppression of Rx-L function. (Ad–Af)
ed in the injected sides. (Ba–f') Transversal gelatin/albumin sections of injected embryos
of each probe in the retina of injected side (Ba'–f') should be compared with that in the
ark the presumptive RPE. Suppression of Rx-L function led to a dramatically reduced
roadened expression of the bipolar cell maker, Vsx1 (Bd, Bd') and the amacrine/ganglion
ost unchanged uponMoRx-L injection. (C) Effects of MoRx-Lmicroinjection on apoptosis
e right) of embryos injectedwith 2.5pmol ofMoRx-L (Ca, d) or Contr-Mo (Cb, e) subjected
) at NF stage 31/32 to detect apoptotic or proliferating cells, respectively. (Cc, f) Graphs
eye area of the non-injected side (green bars), Contr-Mo injected side (green bars), and
ionwas determined in each embryo. In the TUNEL assay, for non-injected, n=5 embryos;
njected, n=5 embryos; for Contr-Mo, n=2 embryos; forMoRx-L, n=3 embyros. Values are
t's t-test). Quantiﬁcation of the counted cells and sections is shown next to the graphs
357H.-Y. Wu et al. / Developmental Biology 327 (2009) 352–365between embryos injected with MoRx-L and those injected with a
standard control morpholino. At NF stage 31, the number of PH3
positive cells in the eye of MoRx-L injected embryos was signiﬁcantly
lower than of those injected with the control morpholino (MoRx-L
inj.: 6.1±0.2/eye section vs. Contr-Mo inj.: 10.8±0.2/eye section),while the number of proliferating cells in other parts of the embryo
than the eye remained constant (MoRx-L inj.: 9.3±1.3/section vs.
Contr-Mo inj.: 8.6±1.3/section, Figs. 3Cd–f). Moreover, comparing the
number of apoptotic cells between the MoRx-L- and control
morpholino injected embryos, we found that the suppression of Rx-
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side but not outside the eye (8.6±4.2 apoptotic cells/eye section vs. 2.3
±0.4/eye section, Figs. 3Ca–c). Thus, the reduced number of prolif-
erative cells and the increased number of apoptotic cells may
contribute to the reduced size of the eye.
Rx-L function is required for photoreceptor formation
Given that Rx-L is expressed in early differentiating photorecep-
tors, we further characterized its role in eye development studying
photoreceptor genesis. Rhodopsin (rho), which is expressed from NF
stage 33/34 onwards within the outer retinal layer, represents an early
marker for photoreceptor differentiation (Chang and Harris, 1998).
Inactivation of Rx-L function byMoRx-L caused a strong suppression of
Rhodopsin expression (59%, n=22/37) with 10% (n=4/37) embryos
completely lacking rho transcripts in the injected side (Figs. 3Ba–Ba').
To ﬁgure out if the suppression of Rx-L affects photoreceptor
differentiation in general or just inhibits rho transcription, we
analyzed the expression of a second photoreceptor marker, ß-Arrestin.
We observed that the expression of ß-Arr was also dramatically
reduced (Figs. 3Bb–Bb'; 48.9%, n=23/47). Given the fact that at later
stages the overall stratiﬁcation of the retinal layers appeared almost
normal, though photoreceptor formation was impaired (Fig. 2B"), we
investigated the expression of marker genes for horizontal (Prox1,
(Dyer et al., 2003)), bipolar (Vsx1, (Hayashi et al., 2000)), amacrine and
ganglion (Pax6, (Hitchcock et al., 1996)) and ganglion cells only (Brn3,
(Liu et al., 2000)) in the developing eye of MoRx-L injected embryos.
Interestingly, while the expression of Prox1 and Brn3.0 appeared
almost normal,we observed a signiﬁcant broadening and upregulation
of Vsx1 and Pax6 expression upon suppression of Rx-L function
(Figs. 3Bc–f').
Overexpression of Rx-L results in enlarged retinal territories
To further investigate the function of Rx-L in eye development, we
performed gain-of-function experiments by injecting the embryos
with synthetic mRNA encoding a temporally inducible Rx-L version,
composed of the complete ORF of Rx-L fused to the ligand-binding
domain of the human glucocorticoid receptor (GR), since injection of
wild-type Rx-L RNA often impairs gastrulation and resulted in rostral
reductions (Supplementary Fig. 3A). Rx-L-GR could release from
cytoplasm to enter the nucleus when a synthetic ligand, dexametha-
zone (Dex), is added to the culture medium. We decided to induce Rx-
L-GR function at two time points. Firstly at NF stage 14, when Rx-L
expression was barely detectable by RT-PCR but not by in situ
hybridization, and secondly at NF stage 17, shortly before Rx-L
expressionwas visualized by in situ hybridization. In order to examine
if additional Rx-L could change expression of early eye-patterning
genes before mid-neurulation, we collected embryos at NF stage 16
and analyzed the expression of Rx1 and Six3 when embryos were
induced at NF stage 14. We did not observe any obvious change in theFig. 4. Effect of Rx-L gain-of-function on the eye development. (A, B) WMISH analysis of emb
Anterior views of embryos (dorsal up; injected-side to the right) probed with antisense RNA o
(Dex). (Ab, g) Embryos treated with Dex at NF stage 14, neither Rx1 nor Six3 expressionwas af
at NF stage 14 show reduced expression domains of Rx1 and Six3. (Ad, i, e, j) Rx-L-GR injected
were extended at NF stage 19 and 24. (B) Transversal retinal sections of NF stage 36 embryos
embryo not treated with Dex. (Ba'–e') Retinae of embryos injected with Rx-L-GR mRNA a
Rhodopsin expression (Ba,Ba') in folds evaginated from the ONL into the INL, or the GCL
Activation of Rx-L-GR reduced the density of the expression of horizontal cell marker, Prox1 (B
the expression of the ganglion cell marker, Brn3.0 (Be, Be') was not signiﬁcantly changed (B
Transversal sections (dorsal sides up and injected sides to the right) of embryos injected with
cell stage and subjected to TUNEL assay (Ca) or immunostaining of phosphorylated histone H
respectively. (Ca'–c') Graphs showing the numbers of TUNEL positive cells (Ca') or p-Histone
GR injected side (blue bars). The average of TUNEL or p-Histone-3 positive cell numbers on pe
embryos; for Rx-L-GR injected side, n=2 embryos. For p-Histone-3 detection, non-injected sid
as means±S.E.M. ⁎p=0.28, ⁎⁎, p=0.07, compared with the non-injected side (Student's t
respectively.expression of Rx1 or Six3 at NF stage 16 (Fig. 4Ab, 78.3%, n=44/56 for
Rx1; Fig. 4Ag, 80.3%, n=49/61 for Six3). If embryos were analyzed at
tailbud stage (NF stage 24), heterochronic activation of Rx-L-GR led to
smaller domains of Rx1 and Six3 expression, though intensities of
signals were not signiﬁcantly reduced (Fig. 4Ac, 90%, n=18/20 for Rx1;
Fig. 4Ah, 83.9%, n=26/31 for Six3), indicating that Rx-L may interfere
with the formation of the eye vesicle. However, when Rx-L-GR
injected embryos were induced at NF stage 17, Rx1 and Six3 expression
domains were found enlarged within the injected side at NF stage 19
and 24, respectively (Fig. 4Ad, 47.7%, n=21/44 for Rx1; Fig. 4Ai, 41.7%,
n=15/36 for Six3 and Fig. 4Ae, 43.5%, n=10/23 for Rx1; Fig. 4Aj, 30%,
n=12/40 for Six3). Misexpression of Rx-L-GR and its activation by
Dex addition at NF stage 17 slightly increased the number of apoptotic
cells (4.0±0.2/section injected side vs. 3.1±0.4/section non-injected
side) but did not signiﬁcantly change the number of proliferating cells
12.7±0.1/section injected side vs. 11.1±0.3/section non-injected side,
NF stage 24: 12.5±1.9/section injected side vs. 11.1±1.8/section non-
injected side) within the eye region (Fig. 4C). Taken together, while
Rx-L function is dispensable for eye ﬁeld induction and would even
interfere with this process, at the end of neurulation Rx-L plays a role
in programming retinal progenitors to commit a retinal fate, though it
seems not to be strictly essential in this process.
Rx-L induces ectopic expression of rhodopsin
Since Rx-L loss-of-function could inhibit, sometimes abolish the
expression of photoreceptor speciﬁc genes, we investigated the effect
of Rx-L gain-of-function on retinal cell fate speciﬁcation and therefore
analyzed marker gene expression of all retinal layers. Most note-
worthy, we found that injection of Rx-L-GR mRNA (150 pg into one
dorsoanimal cell of a 4-cell stage embryo and addition of Dex at NF
stage 17) robustly induced rho expression in ectopic photoreceptors,
which often grew as dents or folds of the normal photoreceptor layer
(Figs. 4Ba–a', arrow; 60.7%, n=17/28). In some cases, they seemed to
grow into the ganglion cell layer and even appeared at discrete
locations outside the normal photoreceptor layer (ONL) in form of
rosettes (Fig. 4Ba', arrowhead). Yet it is not fully clear if these rosettes
develop from a perpendicular fold of the retina in respect to the
section plan, or as discrete entities, although an analysis of a series of
sections suggest the latter (Fig. 4Ba' and Supplementary Fig. 3B).
Moreover, the expression of horizontal (Prox1), bipolar (Vsx1) and
amacrine marker (Pax6) genes was reduced, while the expression
level of a ganglion cell marker (Brn3.0) was not signiﬁcantly reduced
(Figs. 4Bb–e'), indicating that ectopic Rx-L protein may negatively
regulate other retinal cell fates than photoreceptors.
Taken together, additional Rx-L activity induces the ectopic
formation of photoreceptors as monitored by rho and Arr-C expression
within, but never outside the developing eye (Fig. 4B and data not
shown). Most noteworthy, overexpression of Rx-L-GR does not
signiﬁcantly increase the number of proliferating retinal cells neither
at NF stage 34 nor at NF stage 24 when Dex was added at NF stage 17ryos Rx-L-GR injected at the 4-cell stage into one of the dorsoanimal blastomeres. (Aa–j)
f Rx1 (Aa–e) or Six3 (Af–j). (Aa, f) NF stage 16 embryos not treated with dexamethazone
fected till NF stage 16. (Ac, h) At NF stage 24, Rx-L-GR injected embryos treated with Dex
embryos treated with Dex at NF stage 17, here, the domains of Rx1 and Six3 expression
stained for maker genes of different retinal cell types. (Ba–e) Retinae of Rx-L-GR injected
nd treated with Dex at NF stage 17/18. Induction of Rx-L-GR function not only led to
(Ba', arrows), but also to the discrete spots of Rhodopsin expression (Ba' arrowhead).
b, Bb'), bipolar cell marker, Vsx1 (Bc, Bc'), and amacrine cell marker Pax6 (Bd, Bd'), while
e, Be'). (C) Effects of Rx-L-GR microinjection on apoptosis and cell proliferation. (Ca–c)
50 pg Rx-L-GR (+Dex at NF stage 17) into one of the dorsoanimal blastomeres at the 4-
3 (p-Histone 3, Cb, c) at NF stage 34 and NF stage 24 to detect apoptotic or mitotic cells,
3 positive cells (C', c') in total or eye area of the non-injected side (green bars), and Rx-L-
r sectionwas determined in each embryo. In the TUNEL assay, for non-injected side, n=5
e, n=2 embryos; for Rx-L-GR injected side, n=2 embryos at each stage. Values are given
-test). Quantiﬁcation of the counted cells and sections is shown next to the graphs
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retinal progenitor cells towards a photoreceptor fate.
Rx-L acts as a transcriptional activator
It has been suggested that Rx1 acts as a transcriptional activator,
since Rx-type proteins contain an OAR domain, which has been
described as an activator domain (Andreazzoli et al., 1999, 2003). A
fusion of Rx1 with the repressor domain of Drosophila engrailed
(EngR) functions as a dominant-negative version of Rx1 and can
phenocopy the Rx1 loss-of-function generated by the corresponding
Rx1 antisense morpholino (Andreazzoli et al., 1999; Chen and Cepko,
2002). Thus we asked if Rx-L functions as a transcriptional activator asFig. 5. Rx-L is a transcriptional activator rather than a repressor. (A) Lateral views of embryo
(Ab–b'''), Rx-L-VP16 (Ac–c''') or Rx-L-EngR (Ad–e''') mRNA and β-GalmRNA as lineage tracer
Lateral views of non-injected sides, anterior to the right. (Aa'''–e''') Lateral views of injected s
side (Aa'–e') and injected side (Aaq–eq) stained with hematoxylin-eosin. The retinae of embry
those injected with wild-type Rx-L (Aaq). The retina of embryos injected with a low dose of R
high doses of Rx-L-EngR can suppress eye formation completely (Ae–e'''). (B) Schematic diag
is generated by an in-frame fusion of Rx-L with the activator domain of VP16, and Rx-L-En
engrailed.well, or as a repressor. To end this questionwe constructed several Rx-
L chimeras, which are (1) Rx-L-EngR (the complete ORF of Rx-L fused
to Drosophila engrailed repressor domain), (2) Rx-L-VP16 (the
complete ORF of Rx-L fused to the activator domain of VP16), and
Rx-L-ΔOAR, which is Rx-L lacking just the OAR domain (Fig. 5B). To
be noted, our Rx-L-ΔOAR construct conserves the most C-terminal
part of the RX-L protein, which was not maintained in the OAR-
deletion construct of Rx1 reported previously (Andreazzoli et al.,
1999), where the OAR domain was removed by a complete truncation
of the C-terminus.
We microinjected synthetic mRNA transcribed from these con-
structs into a dorsal blastomere of embryos at 4-cell stage and
compared the resulting eye phenotype with wild-type Rx-L injecteds injected with the indicated amounts of synthetic wild-type Rx-L (Aa–a'''), Rx-L-ΔOAR
into one of dorsoanimal blastomeres at 4-cell stage and analyzed at NF stage 42. (Aa–e)
ides, anterior to the left. Transversal sections at the level of the eye on the non-injected
os injected with Rx-L-ΔOAR (Abq) or Rx-L-VP16 (Acq) show a phenotype quite similar to
x-L-EngR (Ad''') exhibits an eye phenotype similar to that caused by MoRx-L. Moreover,
rams of chimeric Rx-L constructs. Rx-L-ΔOAR is Rx-L just lacking OAR domain. Rx-L-VP16
gR is generated by an in-frame fusion of Rx-L with the repressor domain of Drosophila
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EngR RNA developed a much smaller eye on the injected side (Figs.
5Ad–e''', 62%, n=13/21 for 25 pg/cell; 64%, n=29/46 for 100 pg/cell),
very similar to embryos injected with MoRx-L (Fig. 2"B). Injection of
Rx-L-EngR RNA at a high dose (100 pg/cell) sometimes led to a
complete loss of the eye, as revealed by hematoxylin-eosin (HE)
staining of the transversal sections (Figs. 5Ae–e'''). Thus, Rx-L-EngR
may even bring additional negative force into the Rx binding region of
corresponding Rx-target genes and may even compete with proper
Rx1 function, which is not the case upon morpholino injection as a
“loss-of-protein” function situation. Injection of Rx-L-VP16 RNA at a
very low dose (2.5 pg/cell) resembles very much the eye phenotype
observed upon injection of 25 pg wild-type Rx-L, which is that the
photoreceptor layers folded into inner retinal layers (Figs. 5Ac–c''').
When the embryos were injected with 5 pg RNA of Rx-L-VP16, most ofFig. 6. Rx-L promotes RPCs to adopt a photoreceptor cell fate. (Aa–g) Transversal sections of
hematoxylin-eosin. (Ab–f) Retinas lipofected with eGFP expression plasmid alone (Ab), or co-
or Contr-Mo (Af). (h, i) Retinal cell types (GC, ganglion cells; AM, amacrine cells; BI, bipolar
from the eGFP-positive population per lipofected retina (n) and the percentage of each cell ty
Rx-L-VP16+eGFP, n=22 retinas, 3005 cells; MoRx-L+eGFP, n=16 retinas, 2575 cells; Contr-Mo
signiﬁcant difference between the control and the experimental by Student's t-test, (⁎), pb0.
the proportion of the eGFP-positive photoreceptors, compared to the retina lipofected with
positive photoreceptors, while Contr-Mo lipofected retinae (Af, h) showed a distribution of eG
Cryostat sections (10 μm) of retinas lipofected with eGFP alone (Ba) or Rx-L-VP16 and eG
photoreceptors, and DAPI (in blue). Non-transfected cones appear red (3, only calbindin),
photoreceptor cells in the intervals of cones (4) represent non-transfected rods, while cells ap
labelled (Cal+, cones) and -unlabelled (Cal−, rods) eGFP-positive photoreceptor cells (n) in eG
and Cal− photoreceptor cells were averaged in all retinas counted. The error bars represent t
positive population of retinae (n) lipofected with either eGFP and Rx-L, Rx1 or mouse Rax. e
1995 cells; mRax+eGFP, n=6 retinas, 1145 cells, (⁎), pb0.01. Lipofection of Rx-L signiﬁcantly in
and bipolar cells, but Rx1 and mRax seem to not promote any retinal cell types.them developed gastrulation defects like embryos injected with
100 pg of wild-type Rx-L RNA (data not shown). Furthermore,
embryos injected with Rx-L-ΔOAR RNA developed an eye phenotype
similar to that caused by wild-type Rx-L, indicating that the OAR
domain is dispensable for the activity of Rx-L. Again, transversal
sections revealed massive folding of the ONL into the INL in Rx-L-
ΔOAR injected retina (Figs. 5Ab–b'''). Taken together, Rx-L seems to act
as a transcriptional activator, with a strong auxiliary effect by the
fusion of the activator domain of VP16.
Lipofection of Rx-L bias the photoreceptor fate
The late response of retinal progenitor cells to Rx-L and the ectopic
expression of Rhodopsin induced by Rx-L overexpression let us
hypothesize that Rx-Lmay play a role in retinal cell fate determination.NF stage 42 embryos at the level of the eye. (Aa) Section of a control retina stained by
lipofected with a plasmid mix of either eGFP and Rx-L (Ac), Rx-L-VP16 (Ad), MoRx-L (Ae)
cells; HOR, horizontal cells; PR, photoreceptor cells and MU, Müller cells) were counted
pe was determined. eGFP, n=43 retinas, 6037 cells; Rx-L+eGFP, n=22 retinas, 3503 cells;
+eGFP, n=9 retinas, 1072 cells. The error bars represent the S.E.M. The asterisks indicate
01; (⁎⁎), pb0.001. Lipofection of Rx-L (Ac, h) or Rx-L-VP16 (Ad, h) signiﬁcantly increased
eGFP alone (Ab, g). Lipofection of MoRx-L (Ae, h) led to a reduced proportion of eGFP-
FP-positive retinal cell types similar to that of retina lipofected with eGFP alone (Ab). (B)
FP (Bb) stained with an antibody against calbindin (anti-Calbindin in red), for cone
and transfected cones appear orange (1, calbindin and eGFP). The sole DAPI-stained
pear green in the ONL are transfected rods (2). (E) Graph showing the ratios of calbindin-
FP (n=86) or eGFP and Rx-L-VP16 (n=392) lipofected retinas. Percentages of both Cal+
he S.E.M. ⁎, pb0.005 (Student's t-test). (C) The percentage of each cell type in the eGFP-
GFP, n=4 retinas, 330 cells; Rx-L+eGFP, n=5 retinas, 1048 cells; Rx1+eGFP, n=7 retinas,
creased the proportion of the eGFP-positive photoreceptors at the expense of amacrine
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indirect early eye morphogenetic defects leading to abnormal
photoreceptors genesis, e.g. due to a competition of ectopic Rx-L
with endogenous Rx1. Thus, to investigate direct cell autonomous
effects of Rx-L on photoreceptor fate determination, we performed a
clonal analysis of the progeny of Rx-L transfected cells following in
vivo lipofection experiments.
We lipofected retinoblasts of NF stage 17 embryos with plasmids
containing Rx-L together with eGFP containing plasmids to identify
lipofected cells (Fig. 6). While the total number of retinal cells was
not changed, lipofection of Rx-L signiﬁcantly increased the propor-
tion of photoreceptor cells by almost 50% when compared to retinae
lipofected with eGFP alone (Fig. 6Ac compared to Fig. 6Ab).
Moreover, a signiﬁcant decrease in the proportion of amacrine and
bipolar cells was also observed in Rx-L lipofected retinae, while the
proportion of ganglion, horizontal and Müller cells was not changed
(Fig. 6Ag). If Rx-L functions as a transcriptional activator, lipofection
of Rx-L-VP16 should give similar results as the lipofection of wild-
type Rx-L. Indeed, lipofection of Rx-L-VP16 led to an increase of the
proportion of photoreceptor cells by almost 100% (Figs. 6Ad, g) and
a decrease of the proportion of amacrine and bipolar cells (Fig. 6Ag).
Consistently, lipofection of Rx-L-ΔOAR also signiﬁcantly increased
the proportion of photoreceptor cells at the expense of amacrine
and bipolar cells, though less efﬁciently than Rx-L or Rx-L-VP16
(Figs. 6Ae, g). If overexpression of Rx-L promotes photoreceptor
speciﬁcation, does suppression of Rx-L function interfere with
photoreceptor development? To test this question, we lipofected
MoRx-L into retinal precursor cells. MoRx-L lipofected retinae did
not show fewer cells than that those lipofected with eGFP alone,
suggesting that proliferation of retinal precursor cells was not
impaired. On the other hand, the proportion of photoreceptor cells
was signiﬁcantly decreased by 33%, with a concomitant increase in
the proportion of ganglion cells as well as bipolar cells by 27% upon
lipofection with MoRx-L (Figs. 6Ae, f, h).
To investigate if Rx-L promotes a speciﬁc photoreceptor cell
subtype, we tested if Rx-L lipofection enhances the generation of
either rod or cone photoreceptors. Plasmids of Rx-L-VP16 together
with eGFP were lipofected in retinoblasts and the generation of a
particular photoreceptor subtype was monitored by immunochem-
istry using antibodies against calbindin, which speciﬁcally mark
cones. Lipofection of Rx-L-VP16 increased slightly, but signiﬁcantly,
the proportion of rod by 10% (pb0.005) at the expense of cone
photoreceptor cells (pb0.005) (Fig. 6B). All these experiments suggest
a function of Rx-L that is distinguishable from Rx1. Therefore we asked
if these differences can be depicted using the lipofection techniques
and in addition, if the sole Rx gene of the mouse, Rax, works like Rx1,
to which it is more similar, or like Rx-L using this experimental setup.
We found that unlike Xenopus Rx-L both Xenopus Rx1, as reported
before (Casarosa et al., 2003; Wang and Harris, 2005), and mouse Rax
did not change the proportion of photoreceptor cells upon lipofection
(Fig. 6C). Thus, Rx-L promotes retinal precursor cells to acquire a
photoreceptor fate, mainly at the expense of amacrine and bipolar
cells with a bias for the generation of rod photoreceptors.
Discussion
RX-L, which encodes a retinal homeobox-containing protein, is
primarily expressed within the developing visual system of Xenopus
larvae in a similar pattern but later than Rx1. A comprehensive
comparison of Rx-type amino acid sequences suggests that Rx-L is a
member of a second group of Rx-type genes in lower vertebrates,
which correspond to the Q-group Rx-type genes of mammals. Our
functional data suggest that Rx-L promotes the formation of photo-
receptors, with a bias towards rods and at the expense of amacrine
and bipolar cells rather than it promotes proliferation of retinal
progenitor cells as reported for Rx1.Two classes of Rx-type genes in vertebrates
Based on the alignment of all potential full-length Rx-type amino
acid sequences available (Fig. 1 and Supplementary Fig. 1), we
propose a classiﬁcation of Rx genes into three major groups. Group
1 contains the founder of the family, Rx1, of which at least one can
be found in the vertebrate lineage. As far as expression data is
available, members of the ﬁrst group are expressed in the early eye
ﬁeld, as well as in the pineal gland, pituitary and hypothalamus
(Andreazzoli et al., 1999; Loosli et al., 2001; Mathers et al., 1997).
Moreover, members of the ﬁrst Rx group function mainly to specify
and promote proliferation of retinal progenitor cells (Andreazzoli et
al., 1999; Mathers et al., 1997). Group 2 contains a second type of
vertebrate Rx genes, which are expressed later in development than
members of the ﬁrst group and seems to function as a cue in the
determination process of retinal progenitor cells. Due to gene
duplication events, Xenopus and zebraﬁsh contain two variants of
either group 1 (Rx1a and Rx1b) and group 2 (rx1 and rx2),
respectively. In zebraﬁsh and especially in medaka ﬁsh, rx3 (group
1) is expressed earlier than rx1/rx2 (group 2), and rx3 is expressed
in the ventral forebrain, which is devoid of rx1/rx2 transcripts.
Furthermore, zebraﬁsh rx1/rx2 and medaka rx2 are expressed in
photoreceptor cells of the differentiated retina and the ciliary
margin (Chuang and Raymond, 2001; Loosli et al., 2001; Raymond
et al., 2006). A quite similar pattern of expression has been also
reported in the case of cRaxL (Chen and Cepko, 2002), Qrx (Wang et
al., 2004), and Rx-L as described above, which clearly belong to the
second group of Rx-type genes (Fig. 1). Sequence comparison
revealed that rx3 genes of teleosts are more closely related to
vertebrate Rx1, while their rx1/rx2 genes are more similar to Rx-L.
Furthermore, the loss-of-function of rx3 in zebraﬁsh and medaka
ﬁsh and of either Rx1 in Xenopus or mouse prevented the formation
of optic vesicles (Andreazzoli et al., 1999; Furukawa et al., 1997a;
Loosli et al., 2001, 2003; Mathers et al., 1997). However, group 2
could be split into two subgroups. Group 2a might include all Rx
genes of higher vertebrates (mammals), which contain a glutamine
(Q) instead of a glutamate (E) at the beginning of the homeobox,
and group 2b, which adds up the ones of lower vertebrates.
Members of group 2b appear actually in two varieties, one for
teleosts, which contain an octapeptide at the N-terminus, whereas
all others members of group 2b (non-teleost) do miss most of the
N-terminus including the octapeptide motif. At the ﬁrst glance, this
renders the latter more similar to group 2a (Qrx of mammals), but
they do not bear the glutamine within the homeobox and their N-
termini strikingly resemble in a region at about amino acid 110 of
the respective teleosts Rx-type proteins (Supplementary Fig. 1).
Group 3 comprises all invertebrate Rx-type genes, which interest-
ingly do not fulﬁll necessarily a function during eye development. It
is important to note that early induction of Rx-L-GR (Fig. 4Ac, h) or
overexpression of either wild-type Rx-L (Supplementary Fig. 3A) in
Xenopus or rx3 in zebraﬁsh by RNA injection, can lead to a reduction
of rostral structures of the respective embryos, while overexpression
of Xenopus Rx1 and zebraﬁsh rx1/rx2 resulted in hyperproliferation
of retinal tissue (Chuang et al., 1999; Chuang and Raymond, 2001;
Mathers et al., 1997). This apparent conﬂict may be explained by a
competition of endo- and exogenous Rx-type proteins for not
discriminated Rx binding sites and/or an untimely activation of
corresponding downstream target genes, which in consequence
interfered with the proper formation of anterior structures. And
indeed, as we showed by using an inducible version of Rx-L, a timed
induction of Rx-L function did not interfere with head development.
Thus, it would be interesting to investigate if an inducible version of
rx1/2 can promote retinogenesis in zebraﬁsh as well.
We have demonstrated that lipofection of Rx-L in retinal
progenitor cells led to the formation of additional photoreceptor
cells mainly at the expense of amacrine and bipolar cells. On the
363H.-Y. Wu et al. / Developmental Biology 327 (2009) 352–365contrary, Rx1 lipofected retinas show no changes in the proportions of
the different cell types or may slightly increase the number of Müller
glia, suggesting a role for Rx1 in supporting multipotency of retinal
progenitors (Casarosa et al., 2003; Wang and Harris, 2005). In line
with these results, Chen and Cepko, (2002) demonstrated that a
putative dominant-negative construct of cRaxL, EnRaxLΔC, interfered
with the induction of early markers of photoreceptor cells while a
corresponding dominant-negative construct of cRax, EnRaxΔC, had no
effect on photoreceptor cell differentiation. Interestingly, a domain
swap between Xenopus Otx5b and Otx2 showed that the ability to
specify different retinal cell fates is largely conﬁned to a region C-
terminal to the homeobox (Viczian et al., 2003). The alignment of
group-wise conserved motifs outside of the Rx homeobox revealed
that both vertebrate groups contain sites conserved within one group
but diverge signiﬁcantly between groups, e.g. the OAR, Rx and OP
domain. These observations support the idea that, although Rx-type
proteins might bind to similar if not identical target sequences in vivo
(Chuang and Raymond, 2001), they might fulﬁll different functions
most likely by the recruitment of particular transcriptional cofactors
to their diverged sub-domains.
As a rewarding task it remains to unravel why rodents (mice and
rats) do not possess a second Rx-like gene like other mammals or even
lower vertebrates. This phenomenon is even more surprising, as the
corresponding syntenic loci have been highly conserved between
humans and mice; just the small but likely complete Qrx-correspond-
ing region of about 10 kb is absent in the mouse genome, probably
reﬂecting a loss the Rx-L gene in the rodent lineage (Wang et al.,
2004). Since in our retinal lipofection experiments mouse Rax acts like
Xenopus Rx1 and not like Rx-L, it is unlikely that in mouse Rax does not
simply replace Rx-L function. Still, it could be a possibility that another
related homeobox-containing protein like Crx or Otx may function
together with Rax in this way. However, Rx-L is not the only case
showing that an orthologous gene driving retinogenesis is missing in
mice, but present in humans and other, even lower vertebrates. For
instance, seven members of the gene family of Hes basic helix-loop-
helix repressor genes play central roles in processes of cell prolifera-
tion and differentiation in humans, but, Hes4 does not exit in the
mouse genome (Davis and Turner, 2001). Furthermore, guanylyl
cyclase-activating proteins (GCAP1-3) mediate the recovery of the
dark state rod and cone photoreceptors after light exposure in
humans. However, only GCAP1 and GCAP2 have been identiﬁed in
mice so far (Imanishi et al., 2002). Thus, it is conceivable; that these
small changes in gene composition/usage lead in consequence to
small differences in retinogenesis and for example may result in a
different photoreceptor conﬁguration between mice and human,
reﬂecting specialized physiological needs of a certain species (Adler
and Raymond, 2008).
Rx-L functions as a transcriptional activator
Our data based on the manipulation of embryos with chimeric
constructs of Rx-L, Rx-L-EngR and Rx-L-VP16, led us conclude that Rx-
L acts as a transcriptional activator. The OAR domain has been reported
to act as a transcriptional activation domain in Orthopedia protein
(Simeone et al., 1994). Rx1-ΔOAR, which harbors an OAR deletion of
Rx1 constructed by the truncation of the OAR-containing C-terminus,
was shown to mimic a weak Rx1 loss-of-function (Andreazzoli et al.,
1999). However, deletion of the OAR from zebraﬁsh rx2 did not
reverse the phenotype compared to wild-type rx2 (Chuang and
Raymond, 2001) and the OAR domainwas not required for the activity
of another paired-class homeodomain gene, Alx-4 (Hudson et al.,
1998). In line with the latter results, microinjection or in vivo
lipofection of Rx-L-ΔOAR recapitulated the gain-of-function pheno-
type of wild-type Rx-L. Accordingly, the deletion of the OAR domain
from the Rx-L-EngR construct (Rx-L-ΔOAR-EngR) enforced the
negative effect in respect to photoreceptor differentiation. Thus, theOAR domain of Rx-L seems to act as a weak but not sole activator
domain. In line with these results, the Rx-L homologue in human, Qrx,
contains only a weakly conserved OAR domain, missing an otherwise
strictly conservedmotif RxxSIxAL (see Fig.1), and has been reported to
act as a transcriptional activator in vitro (Wang et al., 2004).
Interestingly, this motif is conserved within the octapeptide region
at the N-terminus of Rx1-type proteins (Fig. 1), which is absent in
most Rx-L-type proteins due to an N-terminal truncation. Based on
our observations, we conclude that the OAR domain of Rx-L is a weak
activator, and that other regions within the C-terminal region but
outside the OAR domain might interact with Rx1 cofactors as well
(Andreazzoli et al., 1999; Chen and Cepko, 2002; Chuang and
Raymond, 2001).
Rx-L is not part of the early EFTF network
Soon after induction, the early eye ﬁeld appears already as a
composite of certain subﬁelds. This became apparent by non-
overlapping expression of different eye ﬁeld marker genes, which
indicates that retinal progenitors diverge at this early time point
(Zaghloul et al., 2005; Zuber et al., 2003). It was not surprising that the
speciﬁc suppression of Rx-L function by morpholino-injection did not
affect the expression of early eye ﬁeld genes, like Rx1, Pax6 and Six3
before NF stage 15, since earliest expression of Rx-Lwas just detectable
by whole-mount in situ hybridization at the end of neurulation. Our
data shows that Rx-L is clearly not required for early pattering of the
eye ﬁeld, although premature activation of Rx-L interferes negatively
with the proper expression of the mentioned genes, which may be
explained by an early interference with Rx1 activity. However, at stage
18, when the cells of the presumptive eye area are still primary retinal
stem cells (RSC) (Zaghloul et al., 2005), and the timing of activation of
exogenous Rx-L correlates with the onset of its endogenous expres-
sion, enlarged eye structures were formed. These results suggest that
late retinal precursor cells respond differently to additional Rx-L as
early retinal precursor cells do, which indicates a change of
competence to respond to the same transcription factor during
neurulation or a change in cofactors, which interact with Rx-L.
Members of the EFTFs, like Rx1, Pax6 and Six3 are known to drive the
proliferation of RSCs and RPCs (Zaghloul et al., 2005). We observed
that overexpression of Rx-L did only slightly increase the number of
proliferating retinal cells, and at the same time the number of
apoptotic retinal cells. On the other hand, the suppression of Rx-L
function revealed a lower number of proliferating and signiﬁcantly
more apoptotic cells within the developing eye. [AU1]Thus, when
compared to Rx1, Rx-L does promote proliferation of RPCs only
weakly, but is necessary for their survival and to guide their further
differentiation.
The role of Rx-L in retinal cell determination
In Xenopus and medaka ﬁsh, the overexpression of either Six3 or
Six6 as well as the simultaneous inhibition of BMP, Wnt and Hh
signaling led to the formation of giant eyes, which in fact descends
from presumptive retina and forebrain. In rare cases, the formation of
eye structures was observed outside the eye territory (Bernier et al.,
2000; Cornesse et al., 2005; Zuber et al., 1999). On the other hand,
overexpression of Rx1 in Xenopus resulted only in the duplication of
an otherwise regularly formed retina and in the transformation of
presumptive eye stalk tissue but never induced the formation of
ectopic eyes (Mathers et al., 1997). Thus, Rx1 function depends on a
tissue that is already biased or competent to become retina.
Importantly, all these manipulations led to proper stratiﬁed though
dislocated retinas and did not favor a certain retinal cell type. We
could show that Rx-L can program retinal precursor cells to
differentiate into photoreceptors instead of amacrine or bipolar
cells. Interestingly, RPC lipofected with Rx-L are biased to the
364 H.-Y. Wu et al. / Developmental Biology 327 (2009) 352–365formation of rod instead of cone photoreceptor cells. However, similar
to lipofection experiments of Otx5b or Chx10 (Onorati et al., 2007;
Viczian et al., 2003; Wang and Harris, 2005) this manipulation did not
result in the formation of a single photoreceptor subtype. Investigat-
ing the interactions between Rx-L and other determining factors
involved in the combinatorial code leading to photoreceptor fate
decision should bring more insights into the mechanisms controlling
retinal cell fate determination. Moreover, since Rx-L expression
remains in post-mitotic retinal cells, it will be important to elucidate
the function of Rx-L in adults, for a better understanding of age-related
retinal diseases.
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